The Saccharomycopsis fibuligera a-amylase (Sfamy) gene was expressed in Saccharomyces cerevisiae. The highest productivity of Sfamy was 70 mg per liter of culture broth. Wepurified Sfamy from the culture broth and identified the NH2 terminal primary sequence. This sequence suggests that the Sfamygene product is synthesized as a pre-pro-precursor, and the pro-sequence is cleaved after a Lys-Arg sequence with the calpain-like endopeptidase encoded by the KEX2gene, resulting in mature Sfamy protein composed of 468 amino acids. Furthermore, the enzyme Sfamy is a glycoprotein in which one N-linked sugar chain containing mannoseresidues is attached to the Asnresidue at the 198 position. The Kmand kcMvalues were 1.1 x 10~4 mand 1.4x 102 sec 1, respectively, using amylose (the degree of polymerization n = 18) as a substrate. Moreover, the secondary structure, the location of the secondary elements including a-helix, /i-sheet, and loop, and tertiary structure were predicted theoretically on the basis of the molecular structure of Aspergillus oryzae a-amylase, Taka-amylase A (TAA). These results indicate that Sfamy protein is composed of main (M) and C-terminal (C) domains. The molecular structure of Mdomain closely resembles that of TAA, but the C domain appears to be more compact than that of TAAbecause of deletions at three regions forming turns and one region forming a-helix.
Polysaccharases
However, the isolation and purification of the enzyme Sfamy from S. fibuligera have not reported yet, and hence the molecular structure 2009 and enzymatic characteristics of Sfamy produced by S. fibuligera are unknown. Thus, we purified the Sfamy gene product expressed in S. cerevisiae and secreted into culture broth, and examined these characteristics to elucidate the mechanismof substrate recognition in the enzyme.In this paper, the improvement of productivity, chemical and enzymatic characteristics, and secondary and tertiary structures of Sfamy produced by S. cerevisiae are reported.
Materials and Methods
Transformation experiments and media. Escherichia coli JM109, Saccharomyces cerevisiae strain KK4 (a, ura3, hisl/3, trpl, Ieu2, gal80) , and S. cerevisiae strain DBY746 (a, ufa3, his3, trpl, leul) were used as recipient strains for transformation. A plasmid, pSfal, coding for the Sfamy gene was kindly provided by Prof. Fukui (Fukuyama University).
Plasmid DNAfrom E. coli JM109 was prepared by the alkali lysis method4) followed by ethidium bromide/CsCl centrifugation.
The transformations of S.
cerevisiae and E. coli were done by the methods of Hinnen et al.5) and Kushner et al.6 Chemicals, Ltd.) was followed by measuring the reducing power of the hydrolyzate by the Somogy-Nelsonmethod.9) On the other hand, since the enzyme activity of Sfamy for maltose was very low, the changes in the substrate were traced by the measurement of the production of glucose with a Glucose c-Test (Wako Pure Chemicals). The kcat and Kmvalues for both substrates were calculated from the course plots by the least squares method.10)
Purification of Sfamyand electrophoresis. S. cerevisiae strain KK4cells transformed with the plasmid pSfal were inoculated into YPDmedium and cultured at 30°C for 5 days with shaking. These cells were removed from the broth by centrifugation.
To one liter of the supernatant thus obtained was added 25g of DE52-cellulose (Whatman) and the mixture was stirred for 1.5 hr at 4°C. The adsorbent was collected by decantation, washed 3 times with one liter of 50mM acetate buffer (pH 5.2) containing 2.5mM CaCl2, poured into a column (02Ox lOOnm), and then eluted with an NaCl linear gradient (0-1.0m) in the same buffer. Amylase activity of the eluates was assayed by the I2/KI method. The active fractions were collected, concentrated by ultra filtration through a YM30 membrane (Amicon Corporation), put on a Q-Sepharose column (022x 150mm, Pharmacia LKB) equilibrated with the same buffer, and eluted with an NaCl linear gradient (0-1.0m). Again, the active fractions were collected, concentrated in the samemanner, put on a Sephacryl S-200 column (015 x 840mm, Pharmacia LKB), and eluted with the same buffer. The active fractions of the last column eluate were kept at 0°C. The purified Sfamy was electrophoresed on a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) by the method of Laemmli.U) Then the gels were either stained by a protein-specific dye, Coomassie Brilliant Blue (BioRad), or assayed in situ by a-amylase activity as follows. The gels were washed once for 10min in distilled water and twice for 40min in 1% soluble starch at 55°C. The gels were then placed at 4°C for 20min, washed with distilled water and covered with 0.1 m acetate buffer (pH 5.2). After incubation at room temperature for 15min, the gel were immersed in an iodine solution (1% KI+0.3% I2).
Amino-terminal amino acid sequencing and analysis of the sugar moiety. The purified Sfamysolution was dialyzed thoroughly against 2.5him CaCl2 solution, and the NH2-terminal amino acid sequence was analyzed with a gas phase protein sequencer (model 470A, Applied Biosystems Inc.). Protein was measured by the method of Lowry.12) To analyze the sugar moiety of Sfamy and Takaamylase A (TAA) (Seikagaku Kogyo), they were digested by Endoglycosidase H (Endo H) (Seikagaku Kogyo); the purified proteins (1.8 mg) were treated with Endo H (0.1 unit) in 1.1 ml of 50mMacetate buffer (pH 5.2) for 60min at 30°C, boiled with SDS, and analyzed by SDS-PAGE. The native and Endo-H-treated Sfamyproteins were also put on a ConA-Sepharose column ((/>10x100mm, Pharmacia LKB) equilibrated with 20 mMTris-HCl buffer (pH 7.4) containing 0.5m NaCl, 2.5mM CaCl2, and 1 mM MnCl2 and their elution profiles with methyl a-D-glucoside in the same buffer were compared. To measure the hexosamine in the sugar moiety, the purified Sfamy protein, 1.1 mg, was dialyzed thoroughly against distilled water, lyophilized, and hydrolyzed in 4n HC1 at 100°C for 4hr. The hydrolyzate was lyophilized completely and dissolved in 100jA of0.02n HC1. Samples of the solution, 20/A, were analyzed with an amino acid analyzer (L-8500, Hitachi).
Effects of calcium ion on the catalytic activity. The purified Sfamy solution was incubated with 25 mMEDTA in 50 mMacetate buffer (pH 5.25). Samples of this mixture were incubated with 50mM CaCl2 or MgCl2 at 0°C for 20min. The enzyme activities of the both incubation mixtures were measured by the I2/KI method and compared.
Prediction of molecular structure. The primary sequences of Sfamy and TAAproteins were compared on a personal computer (PC-9801, NEC) using a program for homology search, GENETYX, (Software Development Co.). Then the secondary structure of Sfamyprotein was estimated from the sequence alignment on the basis of the known secondary structure elements in TAA protein.
13) The three-dimensional structure of the Sfamy molecule was also predicted with a biochemical expert system, BIOCES [E], (NEC)14) using TAAas the reference protein. This expert system is useful to calculate the molecular structure of the object protein whosetertiary structure is unknown, whenits sequence has homology with that of the reference protein whose tertiary structure is known and whose function is similar to that of the object protein. pSAl, and DBY:pSAl were inoculated into four kinds of media (SS, SD, YPS, and YPD) and shaken at 30°C. The cell densities and enzyme activities of the media were analyzed at appropriate intervals. The productivity of Sfamy and the growth rate of the transformants depended on the medium composition and the characteristics of the vectors used. All the transformants did not grow in the SS medium and showed moderate growth with weak enzyme activities in the SD medium. On the other hand in the YPDmedium, they all grew well and gave the highest enzyme activities. The transformant KK4: pSfal showed a stable production of Sfamy in the YPSand YPDmedia. The combination of the KK4:pSfal and YPDmedium was found to be best for the production of Sfamy protein, which gave as much as 70mg ofSfamy per liter of culture filtrate.
Purification and characterization of Sfamy
The transformant KK4: pSfal was cultured in the YPDmedium at 30°C for 5 days. From the culture filtrate, Sfamy was purified as described in Materials and Methods. The specific activity of Sfamy was increased 1 1 1-fold through the purification processes. The purified enzyme sample gave a single protein Signal Peptidase Cleavage Site.
The numbering of the amino acid residues begins at the initiator methionine. The sequence analyzed experimentally is shaded in a rectangle. The signal peptidase cleavage site is predicted from the cleavage probabilities and indicated by an arrow. band in SDS-PAGE with a slightly smaller mobility than TAAas shown in Fig. 1 . This protein band was confirmed to have a-amylase activity by active staining.
The N-terminal 22 residues (ETNADK-RSQSIYQIVTDRFAR)of the purified Sfamy were identified by the amino acid sequencing.
We compared this sequence with that predicted from the Sfamy structure gene,3) and found that the sequence of the mature Sfamy protein starts from the glutamic acid 27th from the initiator methionine as shown in Fig. 2 . The signal peptidase cleavage site was predicted from the cleavage probability for each peptide bond in the sequence which were calculated by the method of Folz and Gordon17) using a personal computer. The cleavage probability for the peptide bond between the 18th
AJa and 19th Gin is highest as shown in Fig. 2 , suggesting that the signal peptide should be cleaved after Ala at position 18.
To measure the hexosamine in the sugar moiety of the Sfamy protein, the hydrolyzate of the protein was analyzed by an aminoacid analyzer. We detected 1.67 mol ofglucosamine per mole of the protein, though galactosamine was not detected. Then the Sfamy and TAA proteins were treated with the N-linked sugar chain specific enzyme, Endo H, and the differences in electrophoretic mobility between the native and Endo-H-treated proteins were examined with SDS-PAGE. As shown in Fig.  1 , the protein bands of Endo-H-treated Sfamy and TAAhad larger mobilities than those of both native proteins, and the difference for Sfamy was slightly larger than that for TAA. The Sfamy proteins (0.15 mg) were also chromatographed on a ConA-Sepharose column. Their elution profiles shown in Fig. 3 indicated that the Endo-H-treated Sfamy was not adsorbed to the column while the native one was adsorbed and eluted with a methyl a-Dglucoside solution. The values for TAAwere obtained by Nitta et al.18) Kinetic parameters
The initial velocity (v) versus substrate concentration (S) plots for the hydrolyses of maltose and amylose A (the average number of polymerized glucose, n=~18) by Sfamy are shown in Fig. 4 . The kinetic parameters, calculated by the least squares method10) from the experimental results shown in Fig. 4 , are listed together with those of TAA18)in Table I . The kcai value of Sfamy for maltose was twenty-six times as small as that of TAA,while the Km values of both enzymeswere almost identical. However, the Kmand &cat values of Sfamy for amylose A were nearly equal to those ofTAA for maltodextrin (n= 15.5). The kcJKmvalues of Sfamy for the hydrolyses of maltose and amylose A were 9.0xl(T3 and 1.3xlO6 sec~* m"1, respectively.
Discussion
To improve the productivity of Sfamy secreted by S. cerevisiae, three transformants, KK4:pSfal, KK4:pSAl, and DBY:pSAl were cultured in four kinds of media (SS, SD, YPS, and YPD). The enzyme production and cell growth rate strongly depended on the composition of the medium and the vector used. The transformant KK4: pSfal was most potent for the enzymeproduction and showed the highest productivity (70 mg/liter) when cultured in YPD medium at 30°C for 5 days. This indicates that the plasmid pSfal is retained stably in KK4 cells under nonselective conditions.
It was reported that the expression of the The results shown in Fig. 2 indicate that two-step processing is operative for the maturation of a prepro-Sfamy precursor; the first cleavage at the Alal8-Glnl9 bond in the leader peptide and the second cleavage at the bond after the Lys25-Arg26 sequence in the formed pro-Sfamy precursor lead to the mature protein composed of 468 amino acid residues. The calpain-like endopeptidase encoded by the KEX2gene of S. cerevisiae was reported to cleave the bond after Lys-Arg sequence in the maturation systems of an afactor mating hormone and a killer toxin.20)
Thus, the second cleavage step is likely to involve the KEX2gene product.
The sequence Asn-Tyr-Ser3) found in the primary sequence of the mature Sfamy protein at the 198th to the 200th from the N-terminal glutamic acid residue corresponds to one of the consensus sequences21} for Af-glycosylation, Asn-X-Ser/Thr, suggesting the possibility that this Sfamy gene product has a sugar chain moiety. Two types of sugar chains are known; one is the AMinked sugar chain which contains at least 2mol of iV-acetylglucosamine but no 7V-acetylgalactosamine, and the other is the O-linked sugar chain galactosamine.21) Then the hexosamine in the Sfamy sugar moiety was analyzed to ascertain the type of the sugar chain. About 2mol of glucosamine per mole of the protein and none of galactosamine were detected. The results indicate the presence of 1mol of N-linked sugar chain rather than an O-linked one. The electrophoretic profile ( Fig. 1 ) and the elution profile for a mannose-specific lectin column (Fig. 3 ) also suggest the presence of the mannose-containing N-linked sugar chain attached at the 198th Asn residue.
Alpha-amylase has long been known to require at least one calcium ion per enzyme molecule for maintaining its tertiary structure.2^The Sfamy, which was deactivated by incubation with EDTAto remove the metal ions from the protein molecules, recovered its activity perfectly after incubation with an excess of calcium ion. This restoration effect was not shown by incubation with magnesiumion.
The results indicate that calcium ion is essential for Sfamy to express its enzymatic activity and the calcium ion can not be replaced by magnesium ion.
The steric structure of Sfamy was predicted theoretically from the known structure of TAA using the homology in their primary sequence. The positions of the secondary elements are shown in Table II . The predicted molecular structure of Sfamy indicates that the protein molecule is composed of main (M) and carboxy-terminal (C) domains. The M and C domains are folded into a (a//08 barrel structure and an eight-stranded anti-parallel /?-sandwich structure, respectively.
The three dimensional structure of the Sfamy Mdomain closely resembles that ofTAA. However, the C domainappears to be morecompactthan that of TAA because of the deletions at three regions forming turns and one region forming a-helix.
In conclusion, (i ) the Sfamy gene was ex- Sfamy was available from the knownstructure of TAA using the expert system, (iv) The reactivity and structure of Sfamy were similar to those ofTAA. These results suggest that the action mechanism proposed for TAA23'24) is applicable to Sfamy. Thus, we have examined the subsite affinities of Sfamyand compared them with those of TAA, the results of which will be reported in a subsequent paper. It is, moreover, very interesting to discover the substrate recognition mechanism using recombinant DNA techniques.
On this line, the construction and expression of mutated Sfamy genes are under progress in our laboratory.
